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Abstract

The nucleation rate of silver deposited from the
vapor phase onto a sodium chloride substrate has been
studied as a function of substrate temperature and

incidence rate. The experiments have been performed
° .
in an ultra=high vacuum system on a substrate cleaved

in situ. The results are found to be in agreement with

o

a theory based on the assumption that the critical

nucleu; is a single atem for high supersaturations and
contains three atoms at the lower supersaturations

employed. Usingwthe°theory a value of 0.4 ev has been
obtained for the aﬂgggpti@n energy of silver on sodium
chloridé; It is alse estimated that the éctivation energy
for surface diffusion {s less than 0.2 ev, and that the
dissociation energy of themcluster of three atoms {is

o

. 2.1 ev.

o0




L]

6

Introduction

In the formation of vapor deposits there is reason
to believe that in most cases the eritical nucleus is
very small, eentaining less than £ive %o seven atoms.
Fer such smalk nuetei the glassical mucleation rate -
expressions are not valid. dn aItermaE@ expression which
is also valid for small clusters of atoms has been
detived in a previqus @ublicatianI in which the nucleatten

rate is given in genexal by, ) ° °

) n' :“ . .‘o‘ Y ° °'° o | © .
R A Nolafofcvﬁy [exp G m} W
where, o, ° )

o
.

n* » nunber of atoms in the eriticel nucleus

2,.0°1

»
4

rate of incidence from the vapor, em
2

gec

of surface

No » number of adsorptson gites pey cm

° v = g frequency of vibration .

o@;ﬂ:' binding energy of a single atem to the surface .

Eaﬁ = dissecfation energy of the eritical nucieps

o

éb « activation energy for diffusion

ag © distance covered im a single diffusion jump.

, -4t the high supersatutahioa limit the eritical nueleus

becomes & single atom., If this is se, then E , =9, and

°

the mucleation rate becgmes

o

IstZRz 2Q_ ,-Q.) /KT (2
3 8e (m) exp ( Qad QD) °° {2)
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As the supersaturatien is lowered, a point will be

reached at whieh the nucleatfion rate i1s no longer given

by .Eq. €¢29. Equation €2) is the rate of formation of

pairs and wtll only hold gs leng as a pair is stable, ’
and as Yeng asgit's probabilisy of decaying is less tham

it's probability &f growing, f.e., when it's probability

of decay is less than one-haki§. T?e aug¢leation gate ¢o

a first approximation is calculated in general as the rate

of formation of the smalles® cluster whose probability

o

of decay is less than ome-half. If the supersaturation

fts lowered so that a pal¥ becomes ynstable because the

* binding of one atom to another is imsufficient to prevent

the decay of the pair into two single atoms befoge it is
joined by a third, them & configuration with twe bends
per atom can become the smallest stable’cluster, i.e.,
the smallest elusteg whaose probability of decay is less
than one-half. Of the large number og‘possible con-~

figuyrations whiclr have a mingmun of two bonds per ateom

these with the smallest tnumber of atoms will he favored

because the concentgzation of s cluster decreases rapidly

with its si{ze. The smallest cluster with the required
minimum of two bends 48 @ tyiangular configusation of
Ehree atoms (Fig. Ib}. It eam dbe seen (Fig. 1b) that
this Willwiea& to an oxientation ef the film such that a
(311) plane is parallel teo the substg;te. However, when
face centgred eubic metals are deposited on a sodium

chlorida cleavage faece the resultant orientation is a
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(100) plane parallel to the surface. This orientation
will result if the cluster consists of four atoms in a
square (Fig. 1d). Thus it can be concluded that in this
case the nucleation rate is given by the rate at which
the four® atom cluster is formed. The critical nucleus
in.this gase will be the configuragion of three atoms

@

shown §n Figs lg¢, and the nucleation rage is given by

® e

° 3y o .
5‘13 u’&nggzj éxp@f4qad¢q55QD?fkf}§ ® €3)

o
o)

Lo Fig. e, L .
( =4&/a o? far MaGl, 4& if is assumed ehag the

Dinddng £orees batween the adsgrbed atem and the sube

strate are ndf directienal,) o o
The tempezatuze at uhich the &raasitden eqeurs from*

one nucleds to the othezecan be ebtained by equating

8qs. 52) and (3)e Thuf the eransition femperature fe

. .
L *

: (Ld2 Es+Q . .
N : 3 Jad! o . (49
@ ¢ !{.‘ lﬂ ‘R, VN"

gt 25 nog elear why the eriangelaw gonfiguration
is less favored.? In faet i€ does occur im swfficient
concentraBion fe¥ a {1l1l) erfentation t@.b%‘degecged
when gold §s deposited omN’aCT.3 Nevertheiessg it is
probably adequate €& neglect the appearance of the {111)
orientation and usaqu. ¢3) for the nucleation rate,

bl

°
®




U U S
v

o

)

2]

JRU—— N

-

If the supersaturation is lowered still further a
point will be reached at which the smallest stable
cluster with a minimum of two bonds has a probability
gseater than one-half of decaying. Egﬁation (®) is thenr®
ne longe® valid, and larger critical pucleg must he gons
sidered, H8weve#, this "wil% neg be dorte “Eege.h‘

Ahe purpose of &his work is §6 exXamine tﬁe, appldso
€ability of Egs, {2 and (3) te the formation @f & eflver
deposit on aCl, $pegifically the following points will

@
®

be ¢onsidered: ®
ay In the region whexe Eqe (2) holds the nucleation
raee £s propertional to R} and 'uhe;‘,e; Eg. (3) is valld
Py i

O]

1# is propnttlogat to Rﬁ. ® .

) The pre-exponentlal fegms map be ealeulated and

- 7 L s ®
compared with the measuxed valuess o

c) The valugs of the individual temms in the exponangial
may be determined since theye aze three equatiom availadble,

2, 3, and 4, and ghr@e wnknowns. In addition, a useful

independent check o these walueg ‘¢an thesn be chtained in

the follgwing Way® o

® o

It is charactertstic of the formacion of thé deposis )
‘¢hat as each island grows it acte a® 2 sink for single °
atoms In it"s imedlate ne!.‘ghbo:hcoa@ Thes egch growing
The gadive of

* )
sthis regien is €0 a £irst appreximatiom the average distance

pa®ticle depletes a gurypeunding regleons

)

an atom may diffuse on the surfage befgre it evapordtes
@
the diffuggen disganges The diFfusisn é?i.sg,an(_ée is given b\;f*

& D ® 9 °

5

[C]
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. d =a exp(Qad-QD)/ZkT . (5)

As nucleation proceeds and more particles appear less
surface is available for nueleation. Nucleation should
in fact stop when the depleted zegions evexiap. If
this is true then the diffusies &istance, and henee
(Qad-QD) may be determined frgp the gaturatio@ pumber of
particles.

d} Finally gthe epitaxisd Cemperatuse shovwld be related
to the sudstrate temperature and the fnctdence zate by
an expressiofd stuilar to E3. €(2)e Ii 18 fdenticel except
thag $nstead of Y72 Eb the enesgy o{ g séngle bond g between
@ single atem snd thg ‘xowtng clustey Shlul“op’elf

.

U+

P T o mewme—aem o ° ‘6)

€k In (RIVR)

The epergy of the single dend, ¥, should be less
than o equal to M2 E,, byt geeater than the encugy of

@

a stngle dond in the bylk €rystal, sinece §o® a metal

the binding ehergy of an atom 50 ¢he clusteg san be o

expected (o vagy {uvegsely with the size of the Qiuster@
This expressién is derived by"ssuming’ that &£

an afom is boynd to the ggseWing particle by a singie

bond and dees @88 Lcave the particle defore another atom

arrives, & single orientation wi#l? not be possible. On

the other hand, if it must be bound by two bonds to be
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stable then an orientation will be produced. Thus the
simple argument presented above ignores the possibility

that the atom may diffuse to a more favorable position
[+

on the cluster. 6 .
S

Experimental o

2

Basically she experimenkts eonsist of determiging
the nucleation fate as a éﬂgetion of subsfrate tempera®
ture and ineddence rate. TO reduee ghe problems
induced by unconttolled gontamipagion gthe enpegimentgs
age ecattted out &n an ultrashigh vagum?i s¥stem ot & ad~
sttate cleaved in site.

The system $s shownw Sc.heman.galx, in Tige 2 e ®

° saeuum system s a 3™ bakeable meta¥ eysgem apd is ©

capable of a base pressuga of herween & and J x 10'10] oy °
of Hg afteg bakisg oup 38 300°C o€ apprgx{mazely six
hours. ® o
The source cons?sted of a Lantalum SETip YEik'a
depression in the eenteyp whiclh €ontains she sdlvere ©
The souree was heated by passing a eurtent of about o
15 ampexes thgough the fantalum serip. The Gemperggure
was measufed by a ehgome¥walumel thesmbecuple spdts
welded to the depgessiont in the tangalum stgiPe T& was
found to indicate a &emperat¥#ge a® the z;nels&ng;w peint ©f
silver within 3°C of the friue melting peint. oAfter
suitable outrgasﬁsing it was possible to evaperate a silver
at a suitabl;a rate with a pressure in the system less than

1x 10-9‘ mm of Hg. Detailed views 90° apart are in Fig. 3.
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The NaCl substrate was a single crystal about
5mnx 5mmx 3 cm held in a c&;per block by a spring.
The copper block was heated externally by a nichrome
heater and it's température measured by a chromel-
alumel thermocouple. o o
® "The®substrate was cleaved by a razor blade intro-
duced into the system through a staindess sfeel bellows.

The experimental procedure used was £o bring the
source to temperature before the arys8al was gleaved.

The condensation of sil#re® effe¢tive¥y skatted when the

ezystal cleaved, It was gontffyed §or a sgegified‘lengﬁh

of tjme, and stopped by Turning gff“the‘gbrreng‘to the
source. , @

The erystal with the Gepgsit %as then removed from
the system, the deposit #rae shadewed #ith platinum,
backed with carben and the substrate dissolved awa;i
The replica preduged in thiz Way ¥ag e}samined ia the
electron migrescope whe¥e the mumbsew of i¢dands of
deposit were counted. This ammber divided by ghe ¢ime
of the evaperation yielded the aMcleatiep tate. ’

For this pyocedure to $leld ghe true pucleatien o
rate it was important tha® ghe gatjuratfen effecgs
referred to in the introduegi?n be avoided. This was |
verified by shielding half tﬁ; erystal with the pazog, :
blade midway through the evaporation and determining

whether the concentration of deposit on one half was

twice that on the other, or not.

@

)
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Results and Discussion
<

Before discussing the results in detail it is well
to reviéw the major apparent sources of experimental
error.

It is obvicus that particlés of dimensions smaller
than the resolution limit of the microscope were not
counted. In practice even those slightly larger than
this could not be detected because of thg@grain size of

the particles of shadowing gate®$adp. A fecond sourse

of error appeared ko be a®sociasgd wask the st&ripping

<
. ©
process: There was some reagem to pedleve that Parxiigles

smal})er tha%. about; 40A i@ s8ze Bistappcased. Froem the
length of the shadow ik was. deterpghed that the particles
were about as high as the¥ wege W8decy hus thew wese
growing uniformly ¢n adl Jizeetlens, and at steady s®ate
their linear dimensiom musf be p!opectionai to the gube
root of the time. In the xesult%’to de ‘uoteé the
largest partigles observed wege Wetweety §00A ahd 200A

in width so othat. the patticles Which went tindeteceted
must have been growing {of a §#ae®lon ®f the time of the

experiment which was

S
£89" = 868 o,

@

Therefore the error due to not counting particles smaller

than 40A is not more than about 6%.
D

.A third possible source of error is due to the
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effeqt of residual gas in the vacuum system. However
during preliminary experiments the system pressure

during an evaporation lasting five minutes varied from
run to run by a factor of‘lO‘(froﬁ 8 x 10710 mn to

3x 1077 mm) without any ngiieeable effect on the deposit.

The substrate and soyfce temperature‘were@heldgfo
+ 0.5°C, and the erxrox due te fluctuations in these
temperatures 1is negligible,

Finally the effee§ of impu#i¥ies and impeyfections
in the crystal in tueleating sde depesf? should be gon-
sidered. The effect of siePs it prefegentsally
nucleating the deposip is shewn & Fige &, 2% is ghea®
fhat thi; effe%t can be geadily Ldcptifted and elimima®ed
as a source of errox’ﬁ;’the sample expedient of countimg
between tha stepse Podn$ mpegicsions on the gurfaee
such as emerge%! dts3ocatiend 8# tepugity atoms canfiot
be identified as gseadilyes Mawe¥eg, it is pesstdie e
d¢scount the effeet o§ Bhese defelis ify the present work
since some cate was takeneRo®woehk at paetiqie‘dehsities
which were as high as geseible ®withoyt satdration effects
becoming a problemg .

Let the numbet of Jefe¢t gites per ﬂnit@area of
surface be Nd” and asgume ghat Nd << No' Let the
additional binding eneggy ©f a gluster of siié n to the
site be Q- Then at equflidrium the number of clusters

of size n on defeet sites per unit area of surface, Né,

. » ' e .
will be, assuming Nn <L Nd



. (7)

o]
The nucleation rate is

+
L I (8)
[>]
+‘
where - is the rate of arrival of single atoms at the

nucleus of ssze n¥*.

Thus 3' camn be weitten
© &, @y
?” =¥ ;:[g e n
@
@

(9)

*
sinte I = I\?n*r@* .

© o
The rate &' is ®he ra¥e per unif adea of surfaee.

Howeverx, what is pro’pa‘b'ly m8fe fdgnaficant is that the

time to consume a fixed {®a®4en of the avaalable defect

ra'

¥n

sites &s aofact‘or e {ifes Phe 4img to exhaust the

same fraetion of %} normag si%tes. ghis s significant
for the folfowing secafen. Jae ¥gptal tueleatien rate en
the free surfaece & I ¢ §%¢ Jo® 2" o be a signj§geant
corraction,

AT
NyiN, » eq@’ : (10)

Q

If Ny is less than 107 en”? then the imperfections

can be neglected sinee a typical particle density is

1010 em™2. 1f N4y is greater than about 1012 =2

8

cm they

« - i cpai

o
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would be Qetectable by other means. Thus the defects are
only troublesome if they occur in concentrations of
‘1010-1011 em™?. But if this were so, Q, from Eq. (10)
would have to be of the order of 0.3-0.4 ev. The pre-
-exponential would be lower by a factor of 10-4-10-5 and
the experimental results would no longer agree with Egs.
(2) and (3). ©

The results are shown in Fig. 5 and Table I. The
source used fog ghe incidenee rates of 6 x 1013 en™? gec™!

and 2 % &023 cn % see ! was aecadentaily destroyed before

the absolute value o{ the sdcidenge rate could be determined.

The walues qstete& Yeage ¢alewlated from ghe geometry of the
system uspng Vadp¥s prefsuge daga £rem @Ionié.e’ However,
the zglative magnitudes axg exact, and sorrespond to a
ratio of #heee im the gedative ing?lence rates.

Eﬁing a secon® squr@e, $Mcleatien gaRes were deter-
mined at the 3owet suhst¥ate temperat@ges. 9The incidence
rate was measuvxed im §his €ase b¥ weighing the silver
deposited for a Lixed Jem@th of time and was found to be
1 x 1033 en2 see.z.

The resu&ts in Fise 2 yiel&‘an Tagtivation energy"
above the &xansitien §empePa®Vze 9§ 3.7 ev, a transition
temperature between 250 and 280°@, and below this an
Mactivation energy" of 0.9 ew.

‘A change in ineidence rate of a factor of three
above the transition temperature resulted in a change

of the nucleation rate of 100. Below the transition
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temperature a change in nucleation rate of a factotr of
six corresponded to a change in the incidence rate of
about two. .In this latter temperature range two
different sources are being compared so the ratio of the
incidence rates given is only approximate. ,

As a further check it is possible to substitute
values for R, v, and No’ in the appropriate equations
and compare the nucleation rate obtained in this way
with the experimental value. On a perfect sodium
chloride cleavage face there are 6.6 x lO14 sodium atoms.
If it is assumed that the silver atom is boundotovthe
surface by non-directional forces there are four
adsorption sites around each sodium atom,2 and N, is then
2.6 x 1012 atoms/cm?. A value for v of 1072 sec™° is
probably appropriate on surfaces. In fact using a value
of Qad of 0.4 ev, obtained from the experimental results,
and making the assumption that the adsorbed atom is a
harmonic oscillator whose potential energy is equal to
this value at a distance from the potential energy
minimum equal to the radius of a silver atom, the same
frequency is obtained. This to some extent justifies
the above choice. With these values the calculated value

0~27 Cm-Z -1

. [>]
of the pre-exponential is 3 x 1 sec ~, and the

O"'28 Cm'?_ "1

measured value is 3 x 1 sec for an incidence
c'l.

13 cm'2 s

rate of 6 x 10 e

13 om” 2

For an incidence rate of 1 x 10 m sec-l, below

‘the transition temperature the value of 4R(R/VNO) is



R ——

~13-
-2 sec—l, compared to the measured value for

the pre-exponential of 6 x 10"1 cm_2 secwlm

1.5 x 10'1 cm

.Considering the assumptions made in deriving Eqgs.
(2) and (3), and the errors involved in the experiment,
the agreement between the two is adequate.

Above the transition temperature the plot of 1ln I

against 1/T yields

=]

(zQad + E3-QD>= 3.8F% 0.2 ev .

From the transition temperature

1.5 T 0.1 ev

]

(Qad +]/2E3>= -kT 1In (R/VNO)
and from the results below the transition temperature
-0 \= +

(zQad QQ)— 0.7 T 0.1 ev
These results are consistent with values of

Qa

is insufficient to do more than place a limit ofl QD.

d = 0.4 ev and Eg = 2.1 ev. Unfortunately the accuracy

QD apﬁears to be less than 0.2 ev.

An independent check can be obtained from the
diffuéion distance, as previously discussed. The
maximum density of particles of deposit at 220°C is
101! em™2.  Thus(q,4-Qp)= 0.33 + 0.02 ev, which is

consistent within experimental error with the above

values.
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Thus the agreement between theory and experiment
can be considered adequate considering the experimental
errors invelved and the assumptions made in deriving
Eqs. (2) and (3).

® The effect® of substrate temperature on the
orientation of the deposit is shown in Fig. 6. The
depcsits formed at 48°C and 150°C show considerably
less orientation than the deposit formed at 220°C.
However, the lower temperature deposits are by no means
amorphous, thus diffusion effects are important, and a
rigorous treatment of the epitaxial temperature should
take these into accougt. Neglecting this effect it is
possible to place 1imits on the energy of the single
bond to the growing cluster, using Eq. (6) and this
energy appears to lie between 0.7 ev and 0.9 ev. This

o
is eonsideraolg higher than the single bond energy in

o the crystal, thus it may be concluded that it represents

the binding energy of a single atom to a very small

cluster. ]

Conclusions

1. It is possible to develop an expression for
the nucleation frequency of condensation of a metal
vapor in terms of the structure of the critical nucleus
and its configuration on the surface. The validity of
this expression has been determined experimentally for
the deposition of silver on the cleavage face of sodium
chloride for conditions where the critical nucleus is

expected to be very small.
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2. Surface imperfections strongly influence the
nucleation rate but their effect can be resolved in
terms of exposure time and substrate temperature.

The observed effects of surface temperature on the

gtability and orientation of the silver deposit can

also be interpreted in terms of the model.

]
o
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0 TABLE I
'Sub:strate R Time # of I

. Temp. °K ' em %sec™’  secs Particles/cm? cm”Zsec”t
| . 552 6 x 1003 300 5.2 x 10° 1.7 x 107
[ 533 T " 8.7 x 1010 2.9 x 108
! " 10 7
? 541 600 3.4 x 10 5.7 x 10
2 548 n i 2.7 x 1010 4.5 x 107
539 L z 6.4 x 1010 1.1 x 107

523 , 2x 1083 600 9 x 10 1.5 x 10/

| 514 " " 3.3 x 1010 5.5 x 107
§ 513 " 1200 6 x 1010 5 x 107
503 e " 600 4x 1000 6.6 x 107

502 1x 108 1200 1.2 x%lolo 1.0 x 10/
514 n 2400 1.9 x 1000 7.9 x 10°

! 493 L 1800 2.7 % 1019 1.5 x 107
492 " 1200 1.8 x 1000 1.5 x 107
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Fig.
Fig.
;, Fig.
| Fig.
Fig.

List of Figure Captions

1 - Two dimensional clusters.
2 and 3 - Experimental apparatus.
4 - Nucleation on imperfections.

5 - Nucleation rate vs. substrate temperature.

6 - Electron diffracticn patterns of silver deposited

on a cleaved sodium chloride substrate at 48°,
at 150°C and at 220°C. (Incidence rate, 10%% cm™2

sec_l)
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